when data from different species and from tissues of different age within a species were plotted, there was a curvilinear relationship between the amount of Proto IX caused to accumulate during 20 hours of darkness and the amount of electrolyte leakage or chlorophyll photobleaching caused after 6 and 24 hours of light, respectively, following the dark period. Herbicidal damage plateaued at about 10 nanomoles of Proto IX per gram of fresh weight. Little difference was found between in vitro acifluorfen inhibition of protoporphyrinogen oxidase (Protox) of plastid preparations of mustard, cucumber, and moming glory, three species with large differences in their susceptibility at the tissue level. Mustard, a highly tolerant species, produced little Proto IX in response to the herbicide, despite having a highly susceptible Protox. Acifluorfen blocked carbon flow from 6-aminolevulinic acid to protochlorophyllide in mustard, indicating that it inhibits Protox in vivo. Increasing 5-aminolevulinic acid concentrations (33-333 micromolar) supplied to mustard with 0.1 millimolar acifluorfen increased Proto IX accumulation and herbicidal activity, demonstrating that mustard sensitivity to Proto IX was similar to other species. Differential susceptibility to acifluorfen of the species examined in this study appears to be due in large part to differences in Proto IX accumulation in response to the herbicide. In some cases, differences in Proto IX accumulation appear to be due to differences in activity of the porphyrin pathway. The p-substituted nitro-diphenyl ether herbicides cause photodynamic bleaching in sensitive plants by causing the accumulation of abnormally high levels of porphyrins, primarily Proto IX4 (1, 2, 18, 19, 23-26, 31, 32, 35) . Accumulation of Proto IX is due to strong inhibition of Protox (1 1, 12, 21, 22, 32, 34, 36) , resulting in uncontrolled oxidation of the enzymic substrate, protoporphyrinogen IX, to Proto IX outside the porphyrin pathway (12, 18) and to deregulation of the porphyrin pathway (16, 20) . Proto IX accumulation in plants treated with Protox-inhibiting herbicides is analogous to Proto IX accumulation in humans with a genetic defect in Protox, resulting in the disease variegate porphyria (4) . In the presence of light and molecular oxygen, singlet oxygen is generated by Proto IX, resulting in membrane lipid peroxidation (5) .
Considerable variation in susceptibility to these herbicides exists between plant species. Tolerance of soybeans to acifluorfen, a widely-used p-nitro-diphenyl ether herbicide, is due to metabolic detoxification of the herbicide (9). Acifluorfen was developed for use in soybeans. However, the mechanism of tolerance of other species to this herbicide is not understood. Tolerance could be related to the level of protection against photodynamic damage or to the effect of the herbicide on the tetrapyrrole pathway. Finckh and Kunert (8) found a wide range of tolerance among nine higher plant species to oxyfluorfen (a p-nitro-diphenyl ether closely related to acifluorfen) to be associated with the ratios of ascorbate to a-tocopherol within the affected tissue. They found ratios of approximately 10 to 15:1 (w/w) associated with species that were highly tolerant. Schmidt and Kunert (33) showed acifluorfen to cause increases in glutathione, ascorbate, and glutathione reductase levels in tolerant bean leaf tissues. Kenyon and Duke (14) found levels of these and other oxidative stress protectants to be reduced by acifluorfen in highly sensitive cucumber cotyledon tissues during oxidative stress.
Although these herbicides cause photodynamic stress as a result of abnormally high levels of porphyrin accumulation, no information exists concerning differential species sensitiv-ity related to porphyrin synthesis. In this paper, we compare the herbicidal efficacy of acifluorfen with its ability to cause porphyrin synthesis in a collection of higher plant species with a wide range of susceptibility. Furthermore, we compare the in vivo effects on Proto IX accumulation with the in vitro effects of the herbicide on Protox in species with different susceptibilities. Our findings suggest that much of the variability in susceptibility to acifluorfen between the species studied is due to the capacity of the species to generate Proto IX in response to the herbicide. 
MATERIALS AND METHODS

Plant
Herbicidal Damage
Cellular damage was measured by detection of electrolyte leakage into the bathing medium with a conductivity meter with the capacity to assay 1 mL of the bathing medium and return it to the dish (15) . Because ofdifferences in background conductivity of different treatment solutions, results are expressed as change in conductivity after exposure to light. Previous studies have shown that photobleaching herbicides have no significant effect on cellular leakage in darkness (7) .
Photobleaching was determined by measuring Chl content after 24 h of exposure to 500 ,uE/m2. s PAR at 25°C. Discs from each dish were soaked in 5 mL of DMSO in darkness at room temperature for 24 h, and total Chl in extracts was determined spectrophotometrically according to the method of Hiscox and Israelstam (10) . All treatments for electrolyte leakage and photobleaching measurements were triplicated.
Porphyrin Determinations
All extractions for HPLC were made under a dim, green light source. Samples (50 discs) were homogenized in 6 mL of HPLC-grade methanol: 0.1 N NH40H (9:1, v/v) with a Brinkmann Polytron at 60% full power for 15 s. The homogenate was centrifuged at 30,000g for 10 min at 0°C and the supernatant was saved. The pellet was resuspended in 3 mL of basic methanol, sonicated for 5 min, and centrifuged at 30,000g for 10 min at 0°C. Supernatants were combined and evaporated to dryness at 40°C with a rotary evaporator. The residue was dissolved in 2 mL of HPLC-grade basic methanol and filtered through a 0.2 jum syringe filter. Samples were stored in light-tight (glass wrapped in aluminum foil) vials at -20°C until analysis by HPLC.
HPLC determinations were made as before (26) Closer examination of the effects of acifluorfen on Proto IX accumulation in tissues of two species that produced little Proto IX (mustard and spinach) and two that produced high levels (morningglory and lambsquarters) in response to acifluorfen revealed different dose-response curves (Fig. 1) . At all herbicide concentrations, there was significantly more Proto IX than in the control treatment. However, in mustard and spinach there was no increase in the effect between 33 ,gM and 1 mm. Acifluorfen caused a significant increase of Proto IX in both morningglory and lambsquarters with concentrations between 33 uM and 1 mM.
Relationship between Proto IX Accumulation and Herbicidal Effects
The herbicidal activity of 0.1 mM acifluorfen as measured by cellular leakage after 6 h of light exposure or Chl loss after (Fig. 2) . The (Fig. 3) . Again, the curve appears to plateau near 10 nmol of Proto IX/g fresh weight. The relative positions of the different species on this curve are similar to those in Figure 2 . Younger tissues generally accumulated more Proto IX and bleached more than older tissues of the same species. In a separate experiment in which tissues of lambsquarters were exposed to different concentrations of acifluorfen, an excellent correlation was found between herbicidal damage and Proto IX accumulation (Fig. 4) . These data conformed closely to the curve of Figure 3 . The uniformity of the data between species was surprising. This suggests that Proto IX is about equally active as an herbicidal agent in many ofthe species examined. Furthermore, these data suggest that the differential sensitivity to acifluorfen between species is due in large part to differences in acifluorfen-induced Proto IX accumulation. One possible cause of this could be differences between species in the sensitivity of Protox to the herbicide.
Others (27, 28) Proto IX accumulation in leaf discs in the dark (34) . The results of the present study may not extrapolate to the field in every case; however, the relative herbicidal efficacy of acifluorfen that we found between species in the bioassays used in these studies are similar to those of whole plants. In intact plants, cuticular penetration of the herbicide can play an important role in herbicidal efficacy. Our bioassay largely removes this confounding factor.
More Proto IX may have been synthesized after exposure to light, further contributing to herbicidal damage. However, in previous studies, we found that much more Proto IX accumulates in the dark than in light in cut leaf discs (1). Proto IX levels decrease rapidly upon exposure to light in cucumber, lambsquarters, and morningglory (ref. 1 and data not shown from the present study) with an initial half-life of 1 to 2 h. Furthermore, the lag period before herbicidal damage could be detected by electrolyte leakage was only 1 to 2 h for most species. With such rapid cellular damage, we doubt that much more Proto IX would have been synthesized. We chose a 6-h time point to obtain a better range of values than at 1 or 2 h.
Protox Effects
We chose morningglory, cucumber, and mustard (three species with highly divergent sensitivities to acifluorfen as an herbicide; see Figs. 2 and 3) for examination of in vitro Protox sensitivity. Protox preparations from green tissues cannot be assayed for activity because of background fluorescence from Chl. Therefore, we grew plants under far-red light in order to cause photomorphogenic cotyledon expansion without significant Chl accumulation. Another reason that these species were chosen is that they have sufficiently large cotyledons for Protox preparations and for assay of herbicidal activity of farred-grown tissues. Protox preparations from dark-grown barley was used as a comparison, because this is one of the few species for which data on diphenyl ether herbicide effects on Protox are available (1 1). The Io values for the inhibition of Protox from these tissues by acifluorfen varied little (Fig. 5) ; the values for pitted morningglory, mustard, barley, and cucumber were 1, 1.5, 2, and 4 ,uM, respectively. Far-redgrown mustard is as tolerant to acifluorfen as green, whitelight-grown mustard (data not shown), indicating that the Protox of far-red-grown mustard is not different than that of the enzyme in green mustard tissues.
Mechanism of Mustard Tolerance
Mustard is a species that accumulates very V IX may accumulate. Furthermore, acifluorfen significantly reduces the ALA-induced accumulation of Pchlide. These conclusions are consistent with the dose-response results with mustard ( Fig. 1) . Compared with other species, mustard and spinach appeared to lose their capacity to further respond to higher doses of acifluorfen. This is perhaps due to saturation of the effect at low herbicide doses, due to lack of porphyrin synthesis capacity.
If so, addition of sufficient substrate should result in accumulation ofsufficient Proto IX for herbicidal activity. Increasing concentrations of ALA with a constant dose of acifluorfen resulted in increasing Proto IX levels (Fig. 7) . Acifluorfen prevented the added ALA from being converted to Pchlide. The relationship between Proto IX in each of the treatments of Figure 7 and the resulting herbicidal damage after exposure to light was positive (Fig. 8) , supporting the view that mustard is tolerant to acifluorfen due to porphyrin substrate limitations. In fact, if the data from Figure 8 were plotted on Figure  2 , mustard would appear somewhat more sensitive to Proto IX than most other species.
Another explanation that has been used to explain tolerance to photobleaching diphenyl ether herbicides is an enhanced capacity to detoxify singlet oxygen and lipid peroxides (8, 17 Figure 7 and the electrolyte leakage from these tissues 6 h after exposure to 0.5 mE/m2.s white light. AF = acifluorfen; error bars = 1 SE.
CONCLUSIONS
Acifluorfen substantially increased Proto IX content of all species. However, there was a wide range in the magnitude of effect between species. There was little or no effect on content of other Chl intermediates in any species. Generally, there was less Proto IX accumulation in response to the herbicide in older tissues.
The similarity in the relationship between Proto IX accumulation and herbicidal damage between species is remarkable (Figs. 2 and 3 ). As in Figure 5, Why certain species differ in the amount of Proto IX that they generate when Protox is blocked may be related to differences between species in regulation of the porphyrin pathway. Hemin, the oxidized form of heme, is a feedback inhibitor of the porphyrin pathway (20, 30 
